Bulk nanobubbles from acoustically cavitated aqueous organic solvent mixtures by Nirmalkar, Neelkanth et al.
 
 
University of Birmingham
Bulk nanobubbles from acoustically cavitated
aqueous organic solvent mixtures
Nirmalkar, Neelkanth; Pacek, Andrzej; Barigou, Mostafa
DOI:
10.1021/acs.langmuir.8b03113
License:
None: All rights reserved
Document Version
Peer reviewed version
Citation for published version (Harvard):
Nirmalkar, N, Pacek, A & Barigou, M 2019, 'Bulk nanobubbles from acoustically cavitated aqueous organic
solvent mixtures', Langmuir, vol. 35, no. 6, pp. 2188-2195. https://doi.org/10.1021/acs.langmuir.8b03113
Link to publication on Research at Birmingham portal
Publisher Rights Statement:
Checked for eligibility 15/01/2019
“This document is the Accepted Manuscript version of a Published Work that appeared in final form in Langmuir, copyright © American
Chemical Society after peer review and technical editing by the publisher.
To access the final edited and published work see [insert ACS Articles on Request author-directed link to Published Work, see
http://pubs.acs.org/page/policy/articlesonrequest/index.html].”
DOI: 10.1021/acs.langmuir.8b03113
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 01. Mar. 2020
Subscriber access provided by University of Birmingham
is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the
course of their duties.
Interface Components: Nanoparticles, Colloids, Emulsions, Surfactants, Proteins,
Polymers
Bulk nanobubbles from acoustically
cavitated aqueous organic solvent mixtures
Neelkanth Nirmalkar, A. W. Pacek, and Mostafa Barigou
Langmuir, Just Accepted Manuscript • DOI: 10.1021/acs.langmuir.8b03113 • Publication Date (Web): 12 Jan 2019
Downloaded from http://pubs.acs.org on January 14, 2019
Just Accepted
“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.
1Bulk nanobubbles from acoustically cavitated aqueous organic solvent mixtures
N. Nirmalkar, A.W. Pacek, M. Barigou
School of Chemical Engineering, University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom
AbstractWe investigate the existence and stability of bulk nanobubbles in various aqueous organic solvent mixtures.  Bulk nanobubble suspensions generated via acoustic cavitation are characterised in terms of their bubble size distribution, bubble number density and their zeta potential.  We show that bulk nanobubbles exist in pure water, but do not exist in pure organic solvents and they disappear at some organic solvent-water ratio.  We monitor the nanobubble suspensions over a period of a few months and propose interpretations for the differences behind their long-term stability in pure water versus their long-term stability in aqueous organic solvent solutions.  Bulk nanobubbles in pure water are stabilised by their substantial surface charge arising from the adsorption of hydroxyl ions produced by self-ionisation of water.  Pure organic solvents do not auto-ionise and, therefore, nanobubbles cannot exist in concentrated aqueous organic solvent solutions.  Due to preferential adsorption of organic solvent molecules at the nanobubble interfaces, the surface charge of the nanobubbles decreases with solvent content, but the strong hydrogen bonding near their interfaces ensures their stability.  The mean bubble size increases monotonically with solvent content whilst the surface tension of the mixture is sharply reduced.  This is in agreement with literature results on macro and microbubbles in aqueous organic solutions, but it stands in stark contrast to the behaviour of macro and microbubbles in aqueous surfactant solutions.
Corresponding author; Email: m.barigou@bham.ac.uk
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2IntroductionBulk nanobubbles are a new class of nanoscale bubble system.  They exist in bulk liquid, they are spherical and exhibit long-term stability on a timescale of weeks or months.1-3  Such extraordinary longevity exceeds by far the bubble lifetime on the scale of microseconds predicted by the classical Epstein and Plesset theory4, challenging our understanding of bubble physics and behaviour.  Given their high curvature and their high Laplace pressure, bubble dynamics theory suggests that such entities should not exist.  Because of this conundrum, the use of the Young-Laplace equation at the nanoscale has been questioned, but recent results on surface nanobubbles based on molecular dynamics simulations5 and electrochemical measurements6 seem to support its plausibility.  Despite a number of recent studies claiming the existence of bulk nanobubbles, this is still an emerging field and their existence is still not widely accepted.7  When generating bulk nanobubbles in pure water, a question that often arises is whether such nano-entities are nanobubbles or solid nanoparticles which have detached from adjacent surfaces, or simply arising from impurities.  Similarly, in mixtures of water and organic liquids, doubt exists as to whether the nano-entities observed are nanobubbles or supramolecular structures.8,9  Evidence of the existence of bulk nanobubbles has been reported in a number of studies using various production, visualisation and characterizing techniques including: nanobubbles generated via hydrodynamic cavitation and bubble size distribution measured by an ultrasound wave attenuation technique10, by SEM based on a freeze-fracture replica method2 and by TEM;11  generation of nanobubbles via chemical reaction and characterised using Cryo-EM12; nanobubbles generated spontaneously in aqueous NaCl solutions and analysed using DLS;13 generation of nanobubbles by acoustic cavitation and characterised by a nanoparticle tracking technique and DLS;14 generation of nanobubbles by a microfluidic device and characterised by a nanoparticle tracking technique.15  These independent studies provide a sufficient body of evidence to corroborate the existence of bulk nanobubbles.
However, it seems that nanobubbles have only been reported in water.  Surface nanobubbles were reportedly observed in pure alcohols, but such observations have never been reproduced.16  Häbich et al.17 observed that mixtures of water-organic solvents scattered light for a long period of time (days) after mixing, which is consistent with the formation of nanoscale objects, but they attributed their observation to water-insoluble impurities in the organic solvents.  Water is a very special liquid having a high surface tension and a structure composed of a network of hydrogen bonds, which allows water molecules to form complex structures around contaminants and may also allow water to support a strong surface charge.  Such considerations might suggest that nanobubbles are perhaps specific to water.  
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3In this paper, for the first time, we investigate the generation of bulk nanobubbles in an extensive range of aqueous organic solvent mixtures using acoustic cavitation.  The nanobubble suspensions are visualised and characterised by a nanoparticle tracking analysis technique (NTA), and their surface charge is measured in terms of zeta potential.  We monitor the nanobubble suspensions over a period of a few months and shed light on: (i) the different reasons behind the long-term stability of bulk nanobubbles in pure water versus their long-term stability in aqueous organic solvent solutions; and (ii) the reasons why bulk nanobubbles cannot exist in pure organic solvents and why they disappear at some organic solvent-water ratio.
Experimental methods
Materials Analytical grade (99.5% pure) ethanol, methanol, 2-propanol and acetone were purchased from Fisher Scientific (UK) and were handled in a glassware in order to avoid contamination from plastic products.  Ultrapure water from a Millipore purification system (Millipore-Q, UK) was used in all experiments.  The electrical conductivity and pH of the purified water were 1.70 S.cm-1 and 6.7, respectively, at a temperature of 20.0 ˚C.  Prior to experimentation, purified water and all solvents were examined for any nanoscale impurities using an NTA instrument, and no detectable amounts of nanoscale entities could be observed.  The NTA instrument which was also used to determine the nanobubble count and measure the nanobubble size distribution is described further below.
Acoustic generation of bulk nanobubblesBulk nanobubbles were generated by ultrasound cavitation using a 20 kHz probe-type ultrasound processor (Autotune-Series 750W Model, Sonics & Materials).  A titanium probe of 0.75-inch diameter was used to irradiate 80 mL of water-organic mixture inside a glass beaker, as shown in Fig. 1.  The temperature of the sample was controlled at 20.0 ˚C by using a recirculating cooler (Julabo GmbH, Germany).  In all experiments, the sonication time used was 180 s, corresponding to an ultrasound power input of approximately .   After sonication, the nanobubble suspension was stored in 20  52.7 WmL air-tight glass vials for further analysis of size distribution, number density, zeta potential and for monitoring of long-term stability of the nanobubbles.
Nanobubble number density and size distributionThe bubble size distribution was characterised using a NanoSight LM10 instrument (Malvern Instruments, UK).  A Marlin CCD camera mounted on the microscope and operating at 30 frames per second, captures a video file of particles moving under Brownian motion.  Nanoparticles or nanobubbles are, thus, indirectly tracked and their Brownian motion is analysed in real time, giving the bubble size distribution, mean bubble diameter and bubble number density.  Each sample was 
Page 3 of 23
ACS Paragon Plus Environment
Langmuir
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
4measured five times, each measurement lasting 90 s which is sufficient compared to the much shorter time scale of Brownian diffusion of nanoscale entities.  The number of particles per frame varied from 10 to 170 depending on the nanobubble number density.  A sample video sequence is provided for illustration in the Supporting Information-I.  Prior to NTA measurements, the visualisation cell was first rinsed with pure water and dried with dry Nitrogen gas.  This was further washed using a 10% propanol solution and again flushed with pure water and dried with dry Nitrogen gas. 
We recently reported a comparison of the NTA and dynamic laser scattering (DLS) techniques, and showed that NTA is more reliable for the analysis of bulk nanobubbles (and nanoparticles) as DLS measurements tend to be biased towards large bubble sizes.14  Furthermore, current DLS instruments do not measure the bubble number density.  Since NTA can simultaneously analyse a population of nanoparticles on an individual basis, it is ideally suited for real-time analysis of polydisperse systems ranging from 10 to 2000 nm in size and 107 to 109 particles.mL-1  in particle number density.19
Zeta Potential  The electro-kinetic or zeta potential is a key indicator in the stability of a colloidal dispersion.  Considering a suspended colloidal particle, the zeta potential is the electric potential in the interfacial double layer at the location of the slipping/shear plane relative to a point in the bulk fluid away from the interface.20  In other words, zeta potential is the potential difference between the dispersion medium and the stationary layer of fluid attached to the dispersed colloidal particle.  Zeta potential cannot be measured directly, but it can be derived using a theoretical model and an experimentally-determined electrophoretic mobility of charged entities under an applied electric field.  The electrophoretic mobility, , is defined as:e
              (1)
E
u
e 
where u is the drift velocity of the dispersed particle, and E is the strength of the applied electric field.  Thus, the zeta potential, , can be calculated from:20 
              (2)  3 )(2 0 afre 
where , , η, and are, respectively, the relative permittivity or dielectric constant of the r 0 𝑓(𝜅𝑎) dispersion medium, the permittivity of vacuum, the dynamic viscosity of the dispersion medium at the experimental temperature and Henry's function which describes the electrophoretic mobility of a spherical colloidal particle in the limit of low surface potentials.  In this study, the zeta potential of the 
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5nanobubble suspensions was measured by a ZEN5600 ZetaSizer Nano ZSP (Malvern Instruments, UK).  The Smoluchowski approximation20 was used to estimate  as 1.5 for aqueous ethanol solutions.  𝑓(𝜅𝑎)The values of refractive index and viscosity of the different ethanol-water mixtures were obtained from the literature.21,22 
Results and discussion Fig. 2(a) shows typical bulk nanobubble size distributions in pure water and in ethanol-water mixtures.  With the addition of small amounts of ethanol, the nanobubble population produced in water-ethanol is many folds larger than that obtained in pure water.  The mode of the distribution increases with increasing ethanol content up to a volume fraction of 20%, decreasing thereafter with no nanobubbles detected in the mixtures containing more than 70% ethanol.  A close scrutiny of the bubble size distributions reveals that the mode shifts to the right as the volume fraction of ethanol increases.  This trend is even more evident in the cumulative bubble size distributions shown in Fig. 2(b), where the slope of the cumulative curves clearly decreases with increasing volume fraction of ethanol, indicating that the number mean bubble size (d10) increases monotonically and substantially with ethanol concentration, as depicted in Fig. 2(c).    
The number density of nanobubbles is a more convenient parameter to compare nanobubble populations generated in different ethanol-water mixtures.  As shown in Fig. 2(d), the bubble number density rises sharply to a maximum value of ~ 2.8109 bubble/mL as the ethanol volume fraction increases to 20%, and falls off sharply at higher ethanol fractions reaching zero bubble/mL at 70% ethanol.  A similar trend was observed for other organic solvents.  The number of nanobubbles in the suspensions generated was a maximum at a solvent concentration of about 50% for methanol, 20% for acetone and 10% for 2-propanol, as shown in Fig. 3.
The generation of bulk nanobubbles in water-solvent mixtures raises a number of key fundamental questions: (i) why is it possible to generate much larger populations of bulk nanobubbles in the presence of moderate amounts of an organic solvent (e.g., ethanol, methanol, acetone and 2-propanol) compared to pure water?  (ii) why does the number density of nanobubbles generated reach a maximum at between 10-50% of solvent content?  (iii) why does the mean nanobubble diameter increase with the volume fraction of organic solvent?  (iv) why is it not possible to form nanobubbles in pure organic solvents? 
Before attempting to answer these questions, it is important to shed some light on the formation of and stability of bulk nanobubbles in pure water.  Nanobubbles generated in pure water have been reported to exhibit long-term stability on the order of several weeks1-3.   A number of various theories have been proposed to explain such extraordinary longevity.23  However, reports are sparse, and in the 
Page 5 of 23
ACS Paragon Plus Environment
Langmuir
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
6main conflicting and have not been independently validated, so that here is no universally accepted theory that explains the existence and stability of bulk nanobubbles.  Most interesting perhaps is the ion-stabilized model proposed by Bunkin et al.24.  It conjectures that the presence of a negative electrostatic pressure due to adsorption of OH ions in the form of an electric double layer at the nanobubble interface, akin to that observed around solid nanoparticles, balances the internal Laplace pressure and, therefore, no net diffusion of gas occurs.
As discussed above, the zeta potential is a widely used measure of the magnitude of the surface charge of small dispersed entities, and the values measured for the nanobubble suspensions generated in the ethanol-water mixtures are presented in Fig. 4.  The zeta potential decreases sharply with the volume fraction of ethanol from a maximum value of -31 mV in pure water to about -2 mV in the presence of 50% ethanol.  This may be attributed to ethanol molecules adsorbing on the surface of the nanobubbles via hydrogen bonding and this is reflected in the zeta potential of the nanobubbles.  Typical data on the long-term stability of nanobubbles in pure water and in ethanol-water mixtures are presented in Fig. 5, where the bubble size distribution of each nanobubble suspension was monitored over a long period of time.  Thus, most of the nanobubbles were still stable after 3 months both in pure water as well as in the ethanol-water mixtures.
The adsorption of ethanol (or other solvent) molecules on the nanobubble interface may be explained by referring to the literature describing a planer aqueous ethanol-gas interface.  Li et al.25 used the Neutron and X-ray grazing incidence reflection method to characterize such an interface.  They concluded that there is an ethanol (C2H5OH) layer at the interface with the ethyl group (C2H5) oriented towards the gas phase and the hydroxyl group (OH) oriented towards the liquid phase.  This was independently confirmed by Taylor and Garett,26 Tarek et al.27 and Stewart et al.28 via molecular dynamic simulations.  Since the ethyl group is oriented towards the gas phase then the extent of hydrogen bonding near the interface is expected to be higher than in the bulk of the solution.  This would be expected to result in both a strong O–H⋯O hydrogen bond and a weak C–H⋯O hydrogen bond in the vicinity of the interface, which was also confirmed by Tarek et al.29 and Chen et al.30 via molecular dynamic simulations.  In the case of organic solvents, the strength of hydrogen bonds lies between 10 and 40 kJ.mol-1 or approximately 5 – 10 per bond at 298 K (where kB is Boltzmann’s constant and 𝑘𝐵𝑇 
T is temperature), which is much stronger than a typical van der Waals bond (~ 1 kJ.mol-1or ~ 1 𝑘𝐵𝑇).20  The presence of a strong hydrogen bond near the interface may be responsible for the stability of the bulk nanobubbles in organic solvent-water mixtures.
Now let us try to answer the first key question as to why the concentration of nanobubbles becomes maximum at between 10-50% of organic solvent.  Gas oversaturation is a more appropriate parameter in determining the population of the bubbles.4  If we assume that a pure organic solvent would act as a 
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7gas sink removing any excess gas from the solution, then it would not form nanobubbles.  Hence, if nanobubbles exist in pure water, then they should disappear at some organic solvent-water ratio.  The solubility of atmospheric gases (Co2, N2) in water has been observed to be lower than the water-alcohol mixtures and, therefore, gas oversaturation is expected to be higher, when the alcohol content is 10-50% (v/v) 31,32, thus, resulting here in a maximum number density of nanobubbles.
Another interesting aspect concerns the composition of the gas inside the bulk nanobubbles which might be expected to consist mainly of non-condensable dissolved air and possibly some condensable water and solvent volatile vapour formed during ultrasound cavitation.33  Since, as shown by the above results, bulk nanobubbles become increasingly more difficult to produce beyond a certain solvent volume fraction, this suggests that solvent vapour is in fact not necessary for bulk nanobubble formation and such nanobubbles must be filled with dissolved air released from the solution. 
Furthermore, the number density and mean diameter of the nanobubbles formed using the various organic solvents investigated are compared in Fig. 6 for 20% solvent-water mixtures - comparison at all other volume fractions of the solvents investigated was consistent with the observations made for the 20% solvent-mixtures.  The number density of nanobubbles is lowest in the methanol-water mixture and it is highest in the acetone-water mixture.  This difference in behaviour may be attributed to the difference in gas oversaturation between the different organic solvents in water.  Methanol has the highest solubility34 and therefore expected to have lowest gas oversaturation and, in consequence, the nanobubble count per volume is found to be the lowest (Fig. 6).   All the other solvents follow the same trend as a function of their solubility in water.
It is well known that the solubility of atmospheric gases in aqueous organic solvent solutions improves at lower temperatures31,32,34.  Thus, cooling of the suspensions should lead to a significant increase in gas oversaturation and an increase in the nanobubble number density should, therefore, be expected.  In order to test this hypothesis further, freezing and thawing experiments of the bulk nanobubble suspensions were conducted.  Thus, 20 mL samples of nanobubble suspensions in pure water and in mixtures of water and organic solvent were kept in air-tight glass vials in different freezers at temperatures of -18 ˚C and -80 ˚C for a period of 24 hours.  Subsequently, these samples were withdrawn from the freezers and left to thaw at room temperature for about 6 hours before being analysed by the NTA technique.  Furthermore, given that water-ethanol solutions have different freezing points depending on the ethanol concentration, in order to ensure that all of the ethanol in the mixture had frozen, freezing experiments were also conducted by dipping nanobubble suspensions in liquid Nitrogen at -180 ˚C.  
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8Representative results are presented in Fig. 7, showing bubble size distributions for suspensions in pure water and 20% ethanol in water.  After thawing of the samples, the nanobubbles formed in pure water vanished virtually completely.  Ohgaki et al.2 and Ebina et al.3 showed using ESEM that frozen nanobubble suspensions consisted of spherical cavities of about 100 nm diameter.  This suggests that nanobubbles are not destroyed during freezing but rather during thawing.  The freeze-thaw process of nanobubble suspensions consists of a number of transformations which may individually or collectively cause the collapse of the nanobubbles.  Thawing leads to a complex rearrangement of molecules and it is slower than the freezing process as ice is a poor conductor of heat.  During thawing, the kinetic energy of molecules increases.  This, in turns, leads to a random motion of the molecules as transition occurs from the solid to the liquid state.  It is also possible that during freezing nanobubble interfaces in distilled water could also freeze and subsequently collapse due to molecular rearrangement on thawing.  It should also be noted that the gas pressure inside a nanobubble will reduce significantly as the temperature is lowered which might also cause subsequent collapse of the bubble interfaces upon thawing.
However, the nanobubble suspension produced in the 20% ethanol-water mixture behaved strikingly differently.   There was practically no change in the bubble size distribution after individual samples were frozen at -18 ˚C, -80 ˚C and -180 0C and thawed.  Whilst there was no significant change in bubble number density in the sample which was frozen at -18 ˚C, the samples frozen  at -80 ˚C and -180 ˚C exhibited an increase of 3 folds in the bubble number density.   These ethanol-water nanobubble suspensions were analysed again after seven days and the distributions were practically unchanged (Fig. 7).  Unlike in pure water, we presume that ethanol molecules, as illustrated in Fig 8, attach to the interface of nanobubbles via hydrogen bonding providing a thick protective shell that shields the nanobubbles, which prevents them from disappearing on thawing.  The increase in bubble number density was more pronounced at lower ethanol contents below 20%, but the effects reduced at ethanol concentrations above 20% and disappeared at 50% (see Fig. 9).   Similar findings were obtained for the other solvents.
As expected, cooling of the ethanol-water suspensions causes a significant increase in air supersaturation as the solubility decreases with temperature.31,32  During the process of thawing, the sample heats up, its temperature rises and the solubility of air in the water-solvent mixture reduces.  Consequently, dissolved air is spontaneously released from both water and liquid solvent and, hence, the population of nanobubbles increases.   This effect, however, is only noticed at -80 ˚C and -180 ˚C but not at -18 ˚C.  This may be due to the degree of supersaturation being much higher at -80 ˚C and -180 ˚C than at -18 ˚C.  The same effects on bubble number density occurred to different extents at various volume fractions and in all the other solvent-water mixtures investigated, as illustrated by typical data in Fig. 9.
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9Now the other key question is why no nanobubbles can be generated in pure organic solvents.  There are two possible interpretations: (i) nanobubbles can be generated in pure organic solvents but they are not stable and quickly dissolve; or (ii) nanobubbles cannot be generated in a pure organic solvent.  Given the high solubility of atmospheric gases in organic solvents,31 it is difficult to envisage that nanobubbles cannot be formed at all.  As discussed above, the stability of nanobubbles in pure water is attributed to the presence of a significant charge afforded by the selective adsorption of hydroxyl ions on the interface.  Whilst hydroxyl ions are present in water because of self-ionisation, this is not the case in organic solvents which do not autoionise.  Such a surface charge is deemed essential for the stability of nanobubbles in water.  We support the plausible proposition that the adsorption of hydroxyl ions in the form of an electric double layer at the nanobubble interface creates an external electrostatic pressure, which balances the internal Laplace pressure and, therefore, prevents gas diffusion at equilibrium.  However, the mechanism of stabilisation seems to be different in aqueous mixtures of organic solvents.  In fact, results shown in Fig. 5 confirm that nanobubbles with a weak zeta potential are still stable in aqueous organic solutions (over 3 months).  A typical Fast Field Reversal (FFR) and Slow Field Reversal (SFR) plot is provided in Fig. S1 (see Supporting Information-II) to demonstrate the accuracy of such low zeta potential measurements.
Macro and microbubbles formed in aqueous surfactant solutions have been reported to reduce in size as surface tension is lowered.35-37  However, the diameter of nanobubbles generated in the aqueous organic solvent mixtures investigated here, increases approximately linearly with solvent volume fraction whilst in fact surface tension reduces considerably, e.g. from 0.073 N.m-1 down to 0.023 N.m-1 for ethanol-water solutions38 (see Fig. 10).  Macro and microbubbles in aqueous organic solutions (e.g. methanol, ethanol, 1-propanol, 2-propanol) have also been reported to behave in a similar manner.39,40  This paradox, however, remains unexplained.  A possible explanation might be that organic solvents do not behave like surface active agents; they reduce surface tension by dilution of bulk water but their molecules do not adsorb at the gas-liquid interface.  In a surfactant solution, as surface tension reduces the initial bubble size generated is reduced.  Whilst a surfactant hinders coalescence via slow liquid film thinning between approaching bubble interfaces which are loaded with surfactant molecules, this does not happen in case of a water-organic mixture and bubble coalescence occurs more readily leading to larger bubbles.
ConclusionsThe formation of bulk nanobubble suspensions using an acoustic cavitation technique and their stability have been studied in various aqueous organic solvent mixtures (ethanol, acetone, methanol, 2-propanol).  Nanobubbles generated in pure water and in water-organic mixture enjoy long-term stability with most of them surviving after more than 3 months.  The addition of small amounts of 
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10
solvent to pure water increases the nanobubble population generated by cavitation several folds.  This trend increases sharply with solvent content, reaching a maximum at an intermediate solvent concentration, generally around 10%-50%.  This behaviour is attributed to the gas oversaturation of water which is expected to be maximum in mixtures containing about 10-50% of organic solvent.  Freezing and thawing experiments of the nanobubble suspensions corroborate the hypothesis as the nanobubble count further increases upon defrosting of the nanobubble samples.  Beyond this maximum, the bubble number density falls off sharply with no nanobubbles forming when the solvent content is higher than a certain value, generally around 60-70%.  A pure organic solvent acts as a gas sink removing any excess gas from the solution and thus does not form nanobubbles.  Hence, nanobubbles in pure water disappear at some organic solvent-water ratio depending on the type of solvent.  The stability of nanobubbles in pure water is attributed to the presence of a significant charge afforded by the adsorption of hydroxyl ions on the interface.  Whilst hydroxyl ions are present in water because of self-ionisation, this is not the case in pure organic solvents which do not auto-ionise and, therefore, nanobubbles cannot exist in concentrated aqueous organic solvent solutions.  Due to preferential adsorption of organic solvent molecules at the nanobubble interfaces, the surface charge of the nanobubbles decreases with solvent content, but the strong hydrogen bonding near their interfaces ensures their stability.   The mean bubble size increases monotonically with solvent content whilst surface tension is sharply reduced, in agreement with literature results on macro and microbubbles in aqueous organic solutions.  This result stands in stark contrast to the behaviour of macro and microbubbles in aqueous surfactant solutions.
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Supporting InformationA sample video sequence of bulk nanobubbles in a water-ethanol system is presented in Supporting Information-I; and a typical Fast Field Reversal (FFR) and Slow Field Reversal (SFR) plot is shown in Fig. S1 in Supporting Information-II.
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Figure and Table captionsFig.  1.  Schematics of experimental set-up used to generate bulk nanobubbles.Fig. 2.  Bulk nanobubbles in ethanol-water mixtures: (a) bubble size distributions; (b) cumulative bubble size distributions; (c) mean bubble diameter; (d) bubble number density.Fig. 3.  Typical bubble size distributions in different water-organic systems: (a) methanol-water; (b) acetone-water; (c) 2-propanol-water; (d) effect of solvent volume fraction on bubble number density.Fig.  4.  Zeta potential of bulk nanobubble suspensions generated in ethanol-water mixtures.Fig.  5.  Long-term stability of bulk nanobubbles: (a) pure water; (b) 20% ethanol-water mixture.  Fig.  6.  Bulk nanobubbles in 20% organic solvent-water mixture: (a) bubble number density; (b) mean bubble diameter.Fig.  7.  Freezing and thawing of bulk nanobubbles: (a) pure water; (b) 10% ethanol-water mixture; (c) 20% ethanol-water mixture; (d) 50% ethanol-water mixture.Fig. 8.  Schematics of formation of protective organic shell around nanobubbles in a water-alcohol system.Fig. 9.  Bubble size distribution before and after freezing and thawing of (a) 10% 2-propanol-water and (b) acetone-water mixture.Fig. 10.  Variation of mean bubble diameter and surface tension of ethanol-water mixtures.
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Fig.  1.  Schematics of experimental set-up used to generate bulk nanobubbles.
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Fig. 2.  Bulk nanobubbles in ethanol-water mixtures: (a) bubble size distributions; (b) cumulative bubble size distributions; (c) mean bubble diameter; (d) bubble number density.
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Fig. 3.  Typical bubble size distributions in different water-organic systems: (a) methanol-water; (b) acetone-water; (c) 2-propanol-water; (d) effect of solvent volume fraction on bubble number density.
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Fig.  4.  Zeta potential of bulk nanobubble suspensions generated in ethanol-water mixtures.
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Fig.  5.  Long-term stability of bulk nanobubbles: (a) pure water; (b) 20% ethanol-water mixture.  
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Fig.  6.  Bulk nanobubbles in 20% organic solvent-water mixture: (a) bubble number density; (b) mean bubble diameter.
(a)
(b)
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Fig.  7.  Freezing and thawing of bulk nanobubbles: (a) pure water; (b) 10% ethanol-water mixture; (c) 20% ethanol-water mixture; (d) 50% ethanol-water mixture.
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Fig. 8.  Schematics of formation of protective organic shell around nanobubbles in a water-alcohol system.
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Fig. 9.  Bubble size distribution before and after freezing and thawing of (a) 10% 2-propanol-water and (b) acetone-water mixture.
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Fig. 10.  Variation of mean bubble diameter and surface tension of ethanol-water mixtures.
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